With the technical assistance ofFrank R. Reed SUMMARY To clarify the mechanisms of afterload reduction on left ventricular diastolic function, the influence of nitroglycerin upon ventricular diastolic pressure-volume relations was studied in 22 patients during catheterization. After nitroglycerin, average ventricular systolic pressure declined by 25 mm Hg (18%) and end-diastolic pressure by 7 mm Hg (28%) (P < 0.005). End-systolic and diastolic ventricular volumes decreased by 37% and 23% respectively (P < 0.005). Although peak negative dP/dt fell by 22% (P < 0.0005), "T," an index of the time course of isovolumic diastolic ventricular relaxation, was insignificantly changed.
SALUTORY EFFECTS of reduction of left ventricular afterload using vasodilator therapy in acute myocardial infarction and left ventricular decompensation are well recognized.1 Such benefits are thought to be associated with Diastolic pressure-volume curves were significantly displaced downward and leftward without significant change in slope, suggesting that a family of pressure-volume curves for each ventricle with similar slope but positions depend upon immediate loading conditions. Absence of change in slope or of "T" suggests that this displacement may be mediated indirectly, perhaps by relaxation of extracardiac constraints to ventricular distensibility. Accordingly, improvement in ventricular function by vasodilators may be partly due to downward displacement of the pressure-volume relation, with associated reduction of wall tension and myocardial oxygen consumption. improvement in the ratio of myocardial oxygen supply to demand, resulting in part from reduced left ventricular afterload5 and in part from relatively enhanced coronary perfusion of the subendocardial regions critically prejudiced by reduction of left ventricular diastolic pressures. 2 Although changes in the systolic function of the left ventricle in response to vasodilator therapy have been described,3 little information is presently available concerning simultaneous changes in diastolic properties of the ventricle. A traditional concept of left ventricular diastolic pressure-volume relations has assumed that the ventricle adheres to a specific pressure-volume curve, which has been characterized experimentally in the canine heart, and empirically in man by a monoexponential function unique to each ventricle.4' Acute alterations of ventricular preload and/or afterload reflecting changes in systolic or diastolic pressures, or volumes, have been considered to result in translation of the pressure-volume relation along this specific curve,6 implying that the diastolic pressure-volume relation is attributable solely to elastic forces within the myocardium.4 Some authors have observed an upward shift in the position of the entire pressure-volume curve in the presence of acute myocardial ischemia induced by rapid pacing,7' 8 and have suggested the occurrence of sustained contraction, or failure of relaxation of a portion of the left ventricular myocardium, as the cause of this shift. 8 Accordingly, this study was designed to examine the effects of reduction of left ventricular afterload by nitroglycerin upon left ventricular diastolic pressure-volume relations and rate of diastolic ventricular relaxation in man. Our purposes were to determine the influence of this hemodynamic intervention upon ventricular diastolic properties and to ascertain whether primary or secondary effects of preload and/or afterload reduction on the left ventricle are responsible for the reported beneficial influence of nitroglycerin on ventricular function.
Methods

Patient Selection
Twenty-two male patients, with a mean age of 41.2 years (range 29-58), were selected from those scheduled for routine diagnostic cardiac catheterization for evaluation of chest pain suggestive of coronary artery disease. An additional six patients were studied as controls without administration of nitroglycerin. Selection of patients for study was based upon absence of significant valvular disease, cardiomyopathy, hypertension, or ventricular hypertrophy. Normal sinus rhythm was present in all cases. Signed informed consent was obtained in all cases. No complications developed.
Catheterization Procedure
Right and left heart catheterization were performed with patients in the fasting state. All cardioactive medications except nitroglycerin were withdrawn for at least 18 hours before the procedure. Premedication with 50-100 mg of hydroxyzine hydrochloride was administered intramuscularly 60 min before the study. Right and left heart catheterizations were performed using standard techniques, via the brachial or femoral artery approach. After routine measurement of resting right and left heart hemodynamics and cardiac output, patients were positioned precisely in the 450 RAO projection, and left ventricular pressures measured by the micromanometer and fluid-filled catheter systems were equilibrated. To observe the effects of radiographic contrast injection upon resting hemodynamics, ventricular pressures were recorded initially during held submaximal inspiration for a period of time similar to that required for ventriculography ("mock run"). Avoidance of the Valsalva maneuver was ensured by prior careful instruction of the patient, fluoroscopic observation of the diaphragm, and monitoring of left ventricular pressures. Left ventriculography was then performed under similar respiratory conditions, injecting 30 ml of sodium and meglumine diatrizoate (Hypaque 76) into the ventricle over a three second interval by means of an ECG triggered injector (Contrac; Siemens Corp.) via the pigtail catheter, ventricular pressures being measured simultaneously by the micromanometer catheter. After the first ventriculogram, a pause of 20 min was permitted, for dissipation of the hemodynamic and myocardial effects of the contrast agent." When baseline systolic and end-diastolic left ventricular pressures and heart rate were restored, sufficient nitroglycerin (0.6 to 1.2 mg) was administered sublingually to obtain a reduction of left ventricular systolic pressure of 20-30 mm Hg. A second "mock run" and left ventriculogram were analyzed by fitting (by the least squares technique) to: FIGURE 1. Raw hemodynamic data recording in one representative patient in the basal condition. ECG = resting surface electrocardiogram; injector pulse = adjustable marker by which contrast injector is ECG-triggered to preselected portion of the cardiac cycle; cine pulse = electronic pulse recordedfor every cine-frame exposed; dP/dt = first differential of left ventricular pressure with respect to time; L V (high gain) = left ventricular pressure (scale 0-40 mm Hg); L V (low gain) = left ventricular pressure (scale 0-200 mm Hg). Vertical arrows indicate the portion of diastole analyzed, i.e., from peak of rapid filling wave to peak "a" wave.
then performed under similar respiratory conditions. The pressure measured with the micromanometer catheter system was equilibrated with that obtained via the fluidfilled catheter immediately before and after each ventriculogram to exclude drift in the micromanometer system. Both the patient and the X-ray equipment were maintained in precisely the same position and projection between the two ventriculograms. In six patients investigated as controls, two ventriculograms were performed 20 min apart using the same recording protocols, but without administration of nitroglycerin, to examine the effects of the contrast injection alone upon diastolic pressure-volume relationships.
Data Analysis
Ventricular pressure-volume relations were analyzed from the peak of the rapid filling wave to the "a" wave of the first well opacified beat. This period is considered to reflect most closely the elastic properties of the ventricle, with minimal influence of myocardial viscous and inertial properties, and incomplete relaxation, whose effects appear to be predominant during the rapid filling phase. 4 Ventricular volume was determined serially from consecutive cine frames throughout diastole, using standard area length techniques." Volume analysis was performed using the earliest adequately opacified sinus beat in each instance, excluding premature contractions and the first or second subsequent sinus beats. All analyses were performed within the first three beats of the commencement of injection, when the effects of the contrast agent on myocardial function are negligible."' 17 Serial high fidelity diastolic pressures were measured at 16.7 msec intervals from the high gain (0-40 mm Hg) ventricular pressure tracing at intervals corresponding precisely with each cineventriculographic frame.
Observed left ventricular pressure-volume data were i) the linear function P = aV + b where P = pressure in mm Hg; V = volume in cc; a = A pressure, b is a constant. '8 A volume ii) the first order exponential function P = bekV where P = pressure in mm Hg; b = data constant; e = base of natural log; V = volume in cc; k = rate constant of the exponential function4, 5, 8, [19] [20] [21] The linear analysis was chosen initially since it is difficult statistically to compare exponential curves in valid manner.4' 18 The slope "a" (A P/ A V), of the linear function,'8 and the rate constant "k" of the exponential function22 have previously been considered to reflect ventricular chamber diastolic stiffness in individual patients.
To define the relative "position" of the curve on the pressure-volume plot, the extrapolated pressure intercept at zero volume was derived for both linear and exponential pressure-volume functions. Since actual measurements of the pressure intercept of the pressure-volume curve are impracticable in the clinical situation, the extrapolated value of this intercept reflects a purely mathematical expression and is intended solely to define the position of the pressurevolume curves under varying hemodynamic conditions. Left ventricular early diastolic relaxation was analyzed according to the method of Weiss et al.2' using "T," an index of the time course of left ventricular relaxation derived from the rate constant of the exponential pressure decline during the isovolumic period of diastole subsequent to the occurrence of peak negative dP/dt. Since "T" has been shown to be independent of peak systolic pressure, and end-systolic volume and fiber length," it would appear a suitable parameter for analysis of ventricular relaxation in association with administration of nitroglycerin, which may be expected to induce changes in these hemodynamic conditions.
Statistical comparisons between data recorded at rest and after nitroglycerin were performed by means of the paired ttest, using each patient as his own control. No statistical comparison of pressure-volume relations between individual patients was performed, due to the unresolved question of appropriate normalization factors.
Results
Diagnostic Findings
Significant coronary artery disease was documented by coronary arteriography in 16 patients. Mild mitral valve prolapse was present as the only abnormality in three patients, while in the remaining three, no cardiovascular abnormality was demonstrated at catheterization. No patient with coronary artery disease developed symptomatic, electrocardiographic, or hemodynamic evidence of acute myocardial ischemia during this study.
Effects of Ventriculography on Hemodynamics
The effects of contrast injection during left ventriculography (before administration of nitroglycerin) on baseline intracardiac pressures, peak positive and negative dP/dt, A significant reduction was observed in peak systolic, minimal diastolic, peak "a" wave, and end-diastolic pressures in all patients after nitroglycerin (table 2) . Although the average R-R interval decreased slightly (average of 6%), changes in heart rate were inconsistent and were not statistically significant.
Effects of Nitroglycerin on Early Diastolic Ventricular Relaxation
Left ventricular peak negative dP/dt fell significantly in all patients after nitroglycerin by an average of 22% (table 2). Use of peak negative dP/dt as an index of left ventricular relaxation24 has, however, recently been criticized25 due to its sensitivity to concomitant changes in peak systolic pressure and end-systolic volume. In accordance with this observation, the decline in peak negative dP/dt in the present study correlated with the fall in systolic pressure (r= 0.64). Conversely, "T" was not significantly changed after nitroglycerin, implying that at any specific level of pressure at the time of peak negative dP/dt, the rate of pressure decline during the isovolumic period of diastole is unchanged. Since "T" has been proposed as an index of the time course of left ventricular diastolic isovolumic relaxation which, unlike peak negative dP/dt, is relatively insensitive to changes in hemodynamic factors which are changed by nitroglycerin, the absence of a significant change in "T" suggests the absence of any significant relaxation changes in response to nitroglycerin.
Effects of Nitroglycerin on Left Ventricular Volume
Substantial and statistically significant reductions were observed in mean left ventricular end-diastolic and endsystolic volumes after nitroglycerin (table 2) . Left ventricular stroke volume fell in 13 patients and increased in nine; thus while the mean stroke volume for the group fell slightly, the change was not statistically significant.
Effects of Nitroglycerin on Ventricular Diastolic Pressure-Volume Relationships
Although the diastolic pressure-volume relationship for the period between minimal diastolic, and peak "a" wave pressures conformed generally to a monoexponential function, during the brief period analyzed between peak rapid filling wave and peak "a" wave, which averaged 190 ± 14 (SE) msec, the pressure-volume relationships could be approximated by a linear function, with an average coefficient of determination of 0.93 (range of r = 0.82 to 0.99). Fitting the pressure-volume data to the exponential function P = be kV yielded an average coefficient of determination of 0.95 (range of r = 0.84 to 0.99). Comparison of the linear and exponential fits to the pressure-volume functions before and after nitroglycerin in a representative patient is depicted in figure 2 . Prominent downward and leftward displacement of the pressurevolume function is evident; in particular, substantial reduction of diastolic pressure after nitroglycerin is documented within a constant range of volume common to both pre-and post-nitroglycerin states. This phenomenon was observed in all patients, the relative magnitude of the displacement downward and leftward being apparently related to the changes in ventricular pressure and volume respectively. In all patients, the downward shift of the pressure-volume function was confirmed by a statistically significant decline in the extrapolated pressure intercept of the pressure-volume function using both linear and exponential approximations (paired t-test) ( Slope "aa" 
